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A B S T R A C T   

A comprehensive study about the effects of O2 plasma treatment on the dynamic performance of AlGaN/GaN 
high electron mobility transistors (HEMTs) is presented. The drain current transient spectroscopy indicated a 
much decelerated and mitigated current degradation process for the HEMT with O2 plasma treatment. Upon 
negative gate bias stressing, current collapse of 10.7 % and minor threshold voltage shift of 0.16 V were achieved 
by O2 plasma treatment. In addition, current collapse ratio of the HEMTs as a function of stress/recovery time 
showed that the HEMT with O2 plasma treatment had a superior performance in various on-off conditions. 
Particularly in high-frequency switching events, current collapse ratio was reduced from about 50 % to 0.2 %. At 
last, the quality of AlGaN/metal interface with O2 plasma treatment is demonstrated by capacitance-frequency 
measurements, with the interface trap density Dit is estimated to be 1.39 × 1012 cm− 2 eV− 1. These results 
indicate that GaN HEMT with O2 plasma treatment is a promising technology in power switching applications.   

1. Introduction 

Among gallium nitride (GaN) devices, high electron mobility tran-
sistors (HEMTs) are promising candidates for next-generation high-fre-
quency and high-power applications due to their exceptional material 
properties, including wide bandgap, high saturation electron mobility, 
high critical breakdown electric field, and ability to operate at high 
temperatures [1,2]. However, the undesirable properties of the devices 
in power conversion like current collapse and threshold voltage shift 
limit the application of HEMT [3–6]. Numerous studies have established 
that the primary cause of the undesirable properties is associated with 
the defects and surface traps arising from the device fabrication process 
[7,8]. To mitigate this problem, various plasma treatments had been 
applied to improve surface quality of HEMTs, such as CF4 plasma 
treatment [9–11], N2O plasma treatment [12–14], O2 plasma treatment 
[15–26], and so on. 

Among these options, O2 plasma treatment is widely utilized due to 
its cost-effectiveness and easy implementation. Recently studies have 
demonstrated the virtue of O2 plasma treatment in enhancing the per-
formance of GaN-based devices. For instance, Liu et al. fabricated quasi- 
vertical GaN SBD on a sapphire substrate based on O2 plasma treatment 
[20], improving the breakdown voltage from 80 V to 180 V and 

achieving a four-orders reduction of reverse leakage current. Walid Amir 
et al. used O2 plasma treatment before gate metal deposition to enhance 
the RF performance of AlGaN/GaN HEMT [25]. The device with O2 
plasma treatment had an enhancement in Pout_max from 1.25 W/mm to 
2.4 W/mm. Wang et al. fabricated AlGaN/GaN MIS-HEMTs using O2 
plasma treated Al2O3 as gate dielectric and reported improvement in 
dynamic Ron [26]. 

Despite that the DC and preliminary dynamic performances of GaN 
HEMTs with O2 plasma treatment have been studied, detailed dynamic 
characteristics resulting from O2 plasma treatment, including threshold 
voltage shift and time-resolved drain current degeneration have not 
been thoroughly investigated. Moreover, the relationship between dy-
namic performance in different on-off conditions and the trap capture/ 
emission behavior still remain unclear. 

In this work, an explicit study on dynamic performances of GaN 
HEMT with O2 plasma treatment is presented. Firstly, time-resolved 
drain current (Id) was investigated by drain current transient (DCT) 
spectroscopy. Subsequently, the current collapse and threshold voltage 
instabilities of devices upon various gate biases were demonstrated. In 
addition, the collapse ratio of current was extracted as a function of 
stress time and recovery time to correlate the trap behavior with various 
operating conditions. Finally, capacitance-frequency (C-f) 
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measurements were used to characterize the interface states between 
AlGaN and metal, demonstrating a lower interfacial trap density (Dit) 
compared to other surface treatment processes. The results show that O2 
plasma treatment is a promising technology in enabling high dynamic 
performance of GaN HEMT for power switching applications. 

2. Device fabrication 

Fig. 1 (a) showed the schematic cross section of the GaN HEMT 
structure employed in this study. The GaN HEMT was grown on a 6-inch 
Si (111) substrate by metal-organic chemical vapor deposition 
(MOCVD). The epitaxial layer stack comprised a 3 μm-thick buffer layer, 
a 200 nm undoped GaN channel layer, a 1 nm AlN spacer layer, a 25 nm 
undoped Al0.25Ga0.75N layer, and a 3 nm GaN cap layer. As shown in 
Fig. 1 (b), device fabrication process commenced with mesa isolation 
achieved through Cl-based plasma etching. Ohmic contacts were formed 
by sequential deposition of 20/50/150/80 nm Ti/Al/Ni/Au layers, fol-
lowed by annealing at 850 ◦C in N2 for 40 s. Subsequently, three cycles 
of O2 plasma treatment were performed. Etch cycle consisted of a 1-min 
O2 plasma treatment with a low RF power of 100W, followed by a 2-min 
immersion in dilute HCl. The treatment process is to remove imperfect 
surface layer, as well as eliminate donor-level nitrogen vacancies and 
leakage paths [27]. Finally, 20/200 nm Ni/Au gate metal was deposited. 
The gate length (Lg), gate-source distance (Lgs), gate-drain distance 
(Lgd), and gate width (Wg), of the devices were 1/2/2/20 μm, respec-
tively. The conventional HEMT underwent the same fabrication process, 
except for the O2 plasma treatment serving as a basis for comparison. 

3. Result and discussion 

3.1. Static DC characteristics 

Fig. 2(a) illustrated the transfer characteristics of AlGaN/GaN 
HEMTs with and without O2 plasma treatment at room temperature. The 
threshold voltages (Vth) of HEMTs were extracted to be − 2.78 V 
(without treatment) and − 3.2 V (with treatment) at Vds = 3 V, defined at 
Id of 1 mA/mm from the transfer curves. The HEMT with treatment 
exhibited a four orders lower leakage current compared with the HEMTs 
without treatment, which clearly demonstrates the effectiveness of O2 
treatment in suppressing off-state leakage currents. Moreover, the sub-
threshold slop (SS) of the device was improved from 142 mV/dec to 70 
mV/dec due to the reduction of leakage currents. Fig. 2(b) showed 
output characteristics of both HEMTs. The device with treatment 
exhibited a higher saturation current density of 446 mA/mm and a 
smaller RON value of 5.16 Ω mm extracted at (Vgs -Vth) = 3.2 V. In 
contrast, the saturation current density and RON of the device without 
treatment were extracted to be 375 mA/mm and 5.37 Ω mm, respec-
tively. The differences in DC characteristics were due to the reduction of 
electrons captured by surface trap upon surface treatment, leading to a 
slight increase of channel carrier density. 

3.2. Dynamic performance 

Fig. 3 showed the drain current transients (DCT) spectroscopy with a 
negative gate stressing voltage (Vgs,stress) of − 3 V for a stressing time of 
1s. The Vgs,stress was defined as the gate bias voltage minus the threshold 
voltage (Vth). In this stressing condition, the gate-induced trapping 
(mainly caused by the surface traps) will be the dominating factor of the 
current degradation. The normalized Id is presented, which was defined 
as the (Id,dynamic/Id,static), where Id,static was measured in the non-stressed 
fresh state [(Vgs,Vds) = (− 0.5 V, 1 V)]. As shown in Fig. 3, the normal-
ized Id of the HEMT without treatment rapidly degraded within 10 μs 

Fig. 1. (a) Schematic structures and (b) fabrication scheme of the AlGaN/GaN 
HEMT with O2 plasma treatment. 

Fig. 2. (a) Log-scale transfer characteristics at Vds = 3 V and Log-scale gate 
leakage current at Vds = 3 V. (b) Output characteristics at Vgs-Vth from 0.2 V to 
3.2 V of AlGaN/GaN HEMT without O2 treatment (blue line) and with O2 
treatment (red line). 

Fig. 3. Drain current transients within 1s stressing process for gate stressing 
voltage = − 3 V. The drain current was measured at Vgs = − 0.5 V and Vds = 1 V. 
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and the degradation ratio close to 100 %. In contrast, the HEMT with 
treatment, exhibited little change in drain current within 10 μs and 
followed with a gradual decrease after 1 ms. After the device was 
exposed to Vgs,stress = − 3 V for 1 s, a normalized Id of 0.75 can be ob-
tained. When the device was exposed to the negative gate stressing 
voltage, the electrons injected from gate will be captured in the trap 
states, compensating the donor atoms and depleting the channel be-
tween the gate and the drain, leading to the decrease of Id. A faster 
degradation rate in HEMT without treatment can be observed compared 
with the HEMT with treatment. 

The DCT signal was fitted as a function represented by a sum of 
exponential decays to investigate the trapping time constants (τ) of the 
two HEMTs. The fitting function can be expressed as [28,29]: 

Ifitted =
∑n

i=1
Ai exp

(
− t
τi

)

+ Ifinal  

where τi is the typical time constant, and Ai is the amplitude of each 
exponential decay function associated to the relative time constant τi. 
The capture time constant (τc) of 1.18 μs and 470 ms could be extracted 
for the untreated and treated HEMT, respectively. The capture time 
constant of the HEMT with treatment is 5 orders larger than HEMT 
without treatment. The difference between the capture time constant 
was due to the suppressed “fast” (shallow) traps of treated HEMT. It is 
reported that low-quality surface layer could induce “fast traps” and 
proper surface treatment is demanding for their elimination [30]. 

Fig. 4 showed pulsed output characteristics of devices with various 
Vgs,stress. During stress phase, gate was applied with a negative Vgs,stress 
while source and drain were grounded to common voltage. The pulse 
period and pulse width were set to 100 μs and 1 μs, respectively. As 
shown in Fig. 4(a), the saturation drain current decreased when the 
negative Vgs,stress was biased to the HEMT with treatment. When Vgs,stress 
= − 3 V, a small current collapse of 1.29 % can be observed. Even Vgs, 

stress increased to − 7 V, the current collapse remained relatively low at 
10.7 %. In contrast, the pulsed transfer characteristic of HEMT without 
treatment was shown in Fig. 4(b). As Vgs,stress = − 3 V, a current collapse 
of 67.5 % was extracted. When the negative Vgs,stress was strengthened, 
the severer current collapse occurred, which increased to 77.8 % as the 
Vgs,stress = − 7 V. Compared to the HEMT with treatment, the HEMT 
without treatment exhibited relatively higher current collapse in all Vgs, 

stress conditions. The reasons for this phenomenon were due to the HEMT 
with treatment had a larger capture time constant and it exhibited a 
slower rate of electron capture by surface traps when subjected to 
negative gate voltage stress. Conversely, the untreated HEMT, with a 
shorter time constant, experiences a more rapid capture of electrons, 

resulting in more serious current collapse and ΔVth. 
Fig. 5(a) displayed threshold voltage instability of treated HEMT 

induced by negative gate voltage stressing condition, with Vgs,stress 
ranging from − 3 V to− 7 V. When negative Vgs,stress was applied, the 
threshold voltage was shifted positively. A small ΔVth of 0.03 V can be 
obtained when Vgs,stress = − 3 V. And ΔVth only increased to 0.16 V as Vgs, 

stress enhanced to − 7 V. Fig. 5(b) showed threshold voltage instability of 
untreated HEMT in the same negative gate voltage conditions. In this 
case, a larger ΔVth of 0.34 V was observed at the Vgs,stress = -3 V. When 
Vgs,stress was increased to − 7 V, the positive shift in threshold voltage 
was further aggravated, resulting in a ΔVth = 0.58 V. Fig. 5(c) summa-
rized the ΔVth as a function of the Vgs,stress, the ΔVth were summarized 
from Fig. 5(a)–(b). The amplitude of the ΔVth was significantly reduced 
for the HEMT with treatment in all Vgs,stress conditions. Especially when 
Vgs,stress = − 7 V, the ΔVth was reduced from 0.58 V to 0.16 V, which 
highlighting the superior threshold voltage stability of HEMT with 
treatment. The positive shift of threshold voltage was related to the 
electrons trapping by surface traps. When negative gate stress was 
applied to the device, the electrons was captured by surface traps state, 
result in depleting the electron density in the conductive channel and 
causing a positive shift in the threshold voltage. When an enhanced 
negative gate stress was applied, a larger ΔVth can be obtained. How-
ever, the HEMT with O2 plasma treatment exhibits improved surface 
quality, leading to a reduction in the number of electrons captured by 
the surface state and an improved Vth reliability. 

Fig. 6 reported the transient of current collapse for both HEMTs 
during stress and recovery processes. The waveform schematic of tran-
sient measurement consisted of stress and recovery processes was shown 
in Fig. 6 (a). The duration of stress process(ts,max) ranged from 250 ns to 
1 s and after different stress processes followed by a recovery process 
with a constant duration of 1s. During stress process the devices were 
biased at the negative gate stressing condition of (Vgs,stress, Vds,stress) =

Fig. 4. Pulsed output characteristics of HEMTs (a) with treatment and (b) 
without treatment at different gate stressing voltage with 1-μs pulse width and 
100-μs pulse period. The measurement Vgs was 0 V. 

Fig. 5. Pulsed transfer characteristics of HEMTs (a) with treatment and (b) 
without treatment at different gate stressing voltage. (c) Dependence of the 
threshold voltage shift (ΔVth) versus negative gate voltage (Vgs,stress). 
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(− 7 V, 0 V), the bias voltage was remained constant and no measure-
ment was performed. In the recovery process the bias voltage was 
switched to measuring voltage (Vgs,measure, Vds,measure) = (0 V, 0.5 V). 
Setting gate to zero bias and applying a small drain voltage ensured that 
the device was in a recovery process while the measurement was carried 
out. In addition, the small drain voltage could avoid the hot electron 
effect and ensure the full recovery of the current. Since the fast switch, 
the current at the first measurement point basically did not recover 
during this time. C.C ratio transient in stress process was extracted by 
varying ts,max from 250 ns to 1 s. Fig. 6(b)-(c) illustrated the current 
collapse transient for both HEMTs. For the HEMT with treatment the 
capture and emission processes of the trap continued within a mea-
surement window of 1 s. When ts,max < 1 ms, a micro current collapse 
ratio about 3 % was observed. Even at ts,max = 1 s, the maximum current 
collapse ratio was only 28 %. In contrast, for the HEMT without treat-
ment the capture and emission processes of the trap quickly reached 
saturation within 10 μs. When the ts,max = 1 μs, the current collapse ratio 
was 80 %, and gradually rising to 90 % at ts,max = 1 s. In recovery 
process, the HEMT with treatment showed a slower change rate 

compared with the HEMT without treatment. The emission time con-
stants of 175 ms and 3.94 μs could be extracted for HEMT with treatment 
and without treatment, respectively. The results indicated the differ-
ences in time constants between treated/untreated HEMTs, with treated 
HEMT showing a better stability. To further investigate the device 
degradation with practical operating conditions, the contour plots of 
current collapse was plotted. 

Fig. 7 presented the current collapse ratio (C.C ratio) as function of 
stress time (toff) and recovery time (ton). Iso-frequency and iso-duty- 
cycle line were marked to evaluate the dynamic behavior of the GaN 
HEMT with different on-off conditions. As shown in Fig. 7(a), the con-
tour plot of current collapse for HEMT with treatment could be divided 
into three regions: 

Region I: toff < 1 ms. The peak value of current collapse ratio in this 
region is below 3 %. Current collapse effect is negligible due to the small 
stress time toff which is much shorter than trap time constant (420 ms), 
resulting in few electrons captured by surface trap state. 

Region II: ton < 1 ms, toff > 1 ms. As the stress time increases from 1 
ms to 1 s, current collapse ratio deteriorated from 3 % to 29.3 %. The 
current collapse can be attributed to the trap capture process. Moreover, 
when toff < 1 ms, almost no electrons were released, so the extending of 
ton has little or no significant improvement on current collapse. 

Region III: ton > 1 ms, toff > 1 ms. Compared to region II, the recovery 
rate of current collapse accelerated in this region. When toff = 1s with ton 
was verified from 1 ms to 1 s, current collapse ratio recovered from 29.7 
% to 10 %. When the ton increased, the release of electrons becomes 
more complete, resulting in current recovery. 

As shown in Fig. 7(b), the contour plot of current collapse for HEMT 
without treatment also divided into three regions. Owing to the smaller 
time constant, capture and emission processes of traps were completed 
in a shorter time, with the boundary time of 10 μs. In region I, current 

Fig. 6. (a) Waveform schematic of current collapse transient measurement. 
Current collapse transients of HEMT (b) with (c) without treatment, recovery 
time was fixed at 1s while maximum stress times ts,max changed from 250ns to 
1s, (Vgs,stress, Vds,stress) = (− 7 V, 0 V), (Vgs,measure, Vds,measure) = (0 V, 0.5 V). 

Fig. 7. Contour plot showing the dependency of the current collapse ratio on 
ton and toff, together with the iso-frequency and iso-duty-cycle line. 
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collapse was relatively small, generally below 10 %, since the small time 
constant. In region II and III, a more severe current collapse could be 
observed with an increase of toff before toff = 10 μs. The peak current 
collapse ratio reached 86.5 % when toff = 1 μs and ton = 250 ns. In 
summary, with different duty cycle and frequency combinations, 
particularly at higher frequencies (>100 kHz) and lower duty cycle 
(<50 %), current collapse ratio was reduced from about 50 % to 0.2 % 
by the O2 plasma treatment, due to the better surface quality. Conse-
quently, the HEMT with treatment had an improved behavior across a 
wide range of operating conditions. 

As shown in Fig. 8, the trap density Dit was extracted by the 
capacitance-frequency (C-f) method for the SBD which had the same 
fabrication process. The capacitance decreases from 70 pF to 0.3 pF as 
the frequency increases from 1 kHz to 5 MHz. The reduction in capac-
itance is related to the capture and emission processes of electrons in the 
traps. The total capacitance at high frequencies (CHF) only included the 
depletion capacitance (CD), which could be described as C = CD. At low 
frequencies, more surface traps responded to the signal and contributed 
to capacitance. The total capacitance at low frequency (CLF) was the sum 
of the depletion capacitance (CD) and the interface capacitance (Cit), 
which can be described as C = CD + Cit. And the surface trap density (Dit) 
can be extracted by Dit = Cit/(q2A) = (CLF-CHF)/(q2A) [28], where A is 
the junction area, CLF and CHF are the capacitances at low and high 
frequencies, respectively. The Dit for the HEMT with treatment was 
estimated to be 1.39 × 1012 cm− 2 eV− 1. Table 1 presents a comparison of 
Dit between this work and other devices subject to different treatment 
processes. Devices with other plasma treatment processes, such as N2O 
plasma treatment [12] and O2 plasma treatment [24] exhibited the Dit of 
4.78 × 1012 cm− 2 eV− 1 and 2.9 × 1012 cm− 2 eV− 1, respectively. A device 
with 1-min piranha cleaning showed a Dit of 1.51 × 1012 cm− 2 eV− 1 

[29]. In this study, a Dit of 1.39 × 1012 cm− 2 eV− 1 was achieved with O2 
plasma treatment. These results indicated that the HEMT with treatment 
in this work exhibits a good surface quality for reliable power switching 
applications. 

4. Conclusion 

DC and dynamic performances of the GaN HEMTs with/without O2 
plasma treatment were thoroughly investigated and compared. The off- 
state leakage current exhibited a significant reduction of approximately 
four orders of magnitude, while the saturation current density increased 
by 24 % after the O2 plasma treatment. In terms of dynamic character-
istics, after O2 plasma treatment the current collapse ratio reduced from 
77.8 % to 10.7 % and positive threshold voltage shift improved from 
0.58 V to 0.16 V when a negative stressing voltage of − 7 V was applied 
to gate. These improvements could be attributed to the improvement of 
surface quality and reduction of surface trap density achieved through 
the O2 plasma treatment. Additionally, the transient behavior of the 
current collapse was extracted as a function of stress time and recovery 
time to accurately reproduce the capture/emission behavior with 
various operating conditions. Within the measurement range, the HEMT 
with O2 plasma treatment demonstrated a smaller current degeneration, 
especially in the high-frequency conditions reaching an optimized cur-
rent collapse ratio of 0.2 %. Finally, the Dit for SBD with O2 plasma 
treatment was determined to be 1.39 × 1012 cm− 2 eV− 1. These results 
proved the potential of GaN HEMTs with O2 plasma treatment as a 
promising technology for high-power switching applications. 
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